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Single-crystal Gd2O3 films were grown epitaxially on GaAs~100! substrate. From the single-crystal momen-
tum space analysis on four different samples, 185, 45, 25, and 18 Å thick, a Mn2O3 isomorphous cubic
structure is identified. The Gd2O3 film aligns its twofold ~110! axis with the fourfold ~100! surface normal of
the substrate, while aligning its @001# and @1¯10# axes with the @011# and @011¯ # axes of GaAs within the plane,
respectively. The absence of the other possible twofold growth orientation can be explained by the bonding
configuration at the interface. The 18- and 25-Å-thick samples show an elastically strained component in the
film, while thicker samples appear fully relaxed, probably through misfit dislocation formation.
@S0163-1829~99!08439-8#I. INTRODUCTION
Reliable passivation layers on semiconductors are becom-
ing increasingly more critical as the device sizes continu-
ously decrease. In the case of silicon passivation, amorphous
oxide layers have performed well in submicron devices.
Smaller devices ~on the order of 0.1 mm or less! require
thinner oxide layer thickness, which is now approaching a
dimension of several atomic layers. Limitations on the con-
ventional oxide have prompted an intensive search for better
gate dielectrics to be used in such a regime. Among them, a
defect-free and thermodynamically stable single-crystal ox-
ide film layer may best fulfill the requirements for such small
transistors. For GaAs, a successful surface passivation re-
mained as an unsolved key issue in compound semiconduc-
tor technology for the past three decades, until our discovery
of an amorphous oxide mixture of Ga2O3~Gd2O3!.1 Recently,
we have discovered2,3 an epitaxial single-crystal Gd2O3 film
as another excellent candidate for the GaAs~100! surface
passivation.4 In this paper, we focus on the structural studies
of Gd2O3 films using single-crystal x-ray diffraction.
II. EXPERIMENT
A triple-axes, four-circle ganiometer and a 12-kW rotat-
ing anode x-ray source are used in our study of the reciprocal
space. A pair of flat graphite crystals are used to monochro-
matize and analyze the Cu Ka x-ray beam, with a resolution
of 0.01 A21 along the longitudinal and 0.005 A21 along the
transverse directions, respectively. The low resolution is cho-
sen intentionally in order to increase the sensitivity to very
thin films and make the search in reciprocal space less te-
dious. The distinct advantages of the triple-axes geometry
are the significantly improved separation of u and 2u com-
ponents and the resulting simplification of the data analysis.
In a more widely utilized double-crystal geometry, u resolu-
tion is typically about a degree wide, which can cause sig-
nificant misinterpretations when the films exhibit simulta-
neously true mosaic features like dislocation caused
broadening, layer tilts, and a distribution of layer spacings.PRB 600163-1829/99/60~15!/10913~6!/$15.00Measurements reported here were carried out in ambient air,
where there was no measurable film degradation, in agree-
ment with earlier studies.3
III. RESULTS
In the single-crystal geometry scans were first carried out
along the surface normal direction. Here, a broad peak near
2u547.5° was identified in 185-, 45-, 25-, and 18-Å-thick
Gd2O3 films, as shown in Fig. 1. The intensity of this dif-
fraction peak increased while the peak widths decreased with
the film thickness, suggesting that it was originating from the
epitaxial film. In addition, the peak position shifted towards
larger diffraction angles for thicker films, typical to a strain
relaxation in the film. All these features were typical charac-
teristics of a strained layer epitaxial film growth. The peak
widths in these 2u-u scans are a direct measure of the inverse
correlation lengths perpendicular to the surface. In a defect-
free unstrained epitaxial film, this correlation length corre-
sponds to the film thickness, and the peaks broadened only
by the finite-size effect. In a strained and/or defective film,
however, a distribution of layer spacings may introduce an
additional peak broadening. A separation of the strain-caused
broadening and the finite-size caused broadening is often
very difficult, especially for thin films with low count rates
and only few accessible Bragg peaks. A careful analysis of
the intensity distribution around a few diffraction peaks in
reciprocal space, however, is often sufficient to extract sub-
stantial structural information.
The layer spacing, as determined from the position of the
peak near 2u547.5, decreases from 2.015 to 1.914 Å, with
increasing film thickness. This change in layer spacing indi-
cates a 5.5% strain relaxation in the film, as shown in Fig.
2~a!. Here the strain assumes a zero value at the bulk layer
spacing of 1.911 Å or ~440! of a-Gd2O3, as we will explain
later. The widths of the peaks in Fig. 1 are plotted in Fig.
2~b!. The 18-Å film exhibits a defect-free region of about 9
Å. The 25-Å film gives a 26-Å correlation length, meaning
an essentially defect-free film, while 45- and 185-Å films
exhibit 34- and 122-Å correlation lengths, respectively.10 913 ©1999 The American Physical Society
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maximum 2 u positions reveal important information about
the nature of defects in the film. A film with defect-free
atomic layers, perfectly aligned with the substrate layers
yields a sharp peak width identical to that of the substrate
peaks, limited by the instrument resolution. The presence of
defects, like misfit dislocations, introduces a pronounced mo-
saic broadening. Figure 3 shows the mosaic scans of these
four different films. The 18-Å film shows a single sharp peak
with a width of full width at half maximum (FWHM)
50.39°, which is slightly above the instrumental resolution
of 0.25°, while the 25-Å film displays a sharp peak
(FWHM50.36°) superimposed on a broader peak. For
thicker films ~45- and 185-Å films!, the sharp component
disappears, but the broad component persists. The broad
component has a width of 3.8° when it first appears in the
25-Å film, but gets narrower with increasing thickness; 3.25°
and 1.82° for 45- and 185-Å films, respectively. This we
interpret as a fully strained epitaxial growth for the film with
a thickness not exceeding 18–25 Å. The broad peak is asso-
ciated with misfit dislocations, and its width results from the
strain fields that exist around individual dislocations. This
strain field decays rapidly with distance. It is therefore natu-
ral to expect that the thinner films will be most affected since
all atoms would experience this strain field in some form. As
thickness increases, misfit dislocations and their strain fields
would be buried deep at the interface, and the peak widths
would gradually decrease, in agreement with our observa-
tions.
FIG. 1. Reciprocal space scans taken along the surface normal,
GaAs~001! direction in four different thickness Gd2O3 film
samples: 185, 45, 25, and 18 Å, and for the substrate as a back-
ground reference.The level of strain buildup or elastic distortion in the film
is directly proportional to the bulk lattice constant difference
of the film and the substrate. Thin films can accommodate
large elastic strains, but as the thickness increases it becomes
energetically more favorable to create misfit dislocations, or
discommensurations at the interface that relax the elastic dis-
tortion of the film5 at a critical thickness. As an example, for
the InxGa12xAs/GaAs~100! system the critical thickness var-
ies from 10 to 1000 Å for a strain of 0.07–0.003. These
empirical values are in good agreement with the theory.6 The
measured strain in our 18-Å film is about 0.06, from direct
comparison of the peak positions of the 18- and 185-Å films
shown in Fig. 1. Here, we assume that the 185-Å film is fully
relaxed and assumes the bulk structure of a cubic phase as
we will identify next. Interestingly, our assigned critical
thickness value in the range 18–25 Å qualitatively agrees
with the one found for the InxGa12xAs/GaAs~100! system.
In order to associate the film diffraction peak in Fig. 1
with a particular structure, we examined all known Gd2O3
structures that are monoclinic, hexagonal, and cubic struc-
tures. For the peak position, we found a good agreement with
the ~440! peak of the a-Gd2O3 cubic structure.7,8 The mea-
sured lattice constant of 10.83 Å agreed well with the bulk
form of this cubic phase which has a 10.813-Å lattice con-
stant, belongs to the space group Ia3, and is an isomorph of
the Mn2O3 structure. This assignment fixed the @110# direc-
tion of the film parallel to the surface normal, or @001# direc-
tion of the GaAs substrate. In order to find the relative in-
plane orientation, we searched for $222% strong reflections of
the film on a cone centered around the @110# Gd2O3 axis or
@001# GaAs axis, i.e., 360° f scan with a 35.264° x tilt
~the angle between film @111# and @110#!. As expected,
this scan revealed two $222% peaks at 0° and 180° f
FIG. 2. ~a! The layer spacings, which are determined from the
peak positions of Fig. 1, decrease with increasing film thickness and
approach the bulk Gd2O3~440! layer spacing of 1.91 Å, indicating a
percent strain buildup in the film. ~b! Correlation lengths or size of
the defect-free regions monotonically increase with thickness.
PRB 60 10 915STRUCTURE OF EPITAXIAL Gd2O3 FILMS GROWN ON . . .angle at the right lattice spacing. This established an in-
plane epitaxial relationship as @001#Gd2O3 //@011#GaAs and
@1¯10#Gd2O3 //@011¯ #GaAs . Figure 4 shows this cone scan. With
the twofold @110# film axis alligned along the substrate four-
fold axis, epitaxial films were expected to satisfy epitaxial
conditions in two degenerate orientations. Interestingly, the
Gd2O3 films, however, were only growing in one of the two
possible orientations with no trace of the other orientation.
We have also carried out scans along all the major zone
axes, and searched for peaks that belonged to a second phase.
These included specific lattice spacing searches that be-
FIG. 3. Mosaic or u scans for the four different thicknesses
Gd2O3 film samples find two distinct peak shapes coexisting near
25 Å thickness, a clear indication of strain relaxation through misfit
dislocations.
FIG. 4. The 360° f scan of the 185 Å finds only one pair of
$222% peaks for the Gd2O3 film indicating a single-crystal growth.longed to the monoclinic and the hexagonal phases. We
could not find any evidence for any phase formation other
than the cubic phase, in agreement with our in situ reflection
high-energy electron diffraction observations.2,3 We next
searched for other peaks that belong to the cubic a phase. All
the peaks measured were at their predicted positions. Figure
5 shows some of these major diffraction peaks in reciprocal
space where H, K, and L refer to the Gd2O3 indices. The
measured peak intensities of these peaks are tabulated in
Table I, and are compared to values taken from the powder
diffraction files. Remarkably, the measured intensity values
agreed well with the ones listed for the cubic phase. Ob-
served small deviations in some of the intensities remain
within our measurement statistics and analysis errors, con-
sidering that no geometrical corrections were made to our
data due to the sample geometry. This approximation only
FIG. 5. The measured diffraction peaks of the a-Gd2O3 phase.
H, K, L refers to the reciprocal lattice of this phase.
TABLE I. The measured diffraction peak Miller indices and
intensities of the 185-Å-thick Gd2O3 film. Measured intensities are
only corrected for the multiplicity factor. The measured values be-
long to the bulk phase and are taken from the powder diffraction
files file references.
HKL 11–604 12–797 43–1014 Measured
211 10 12 5 7
222 100 100 100 100
321 2 1 2
400 35 35 32 29
411 6 3 5
420 2 1 2
332 5 6 2 4
422 2 ,1 0.6
431 10 8 4 9
521 2 1 2
440 40 40 35 34
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structure model for the Gd2O3 ep-
itaxial film growth on the
GaAs~001! surface, viewed along
the two primary axes. The growth
may initiate by the substitution of
the As sites by the O atoms. The
single-crystalline twofold sym-
metric growth on a fourfold sym-
metric GaAs~100! surface can be
explained by the preference of the
one that primarily bends the oxy-
gen bonds at the interface rather
than stretching them.remains valid within a range of diffraction angles where the
sampling volume does not vary significantly.
IV. DISCUSSION
The cubic a phase of Gd2O3 has a large unit cell a
510.79 Å compared to that of the GaAs a55.653 Å. As
shown in Fig. 6, the lattice matching conditions of the epi-
taxial growth are satisfied over unusually long lengths at the
interface. In one direction @011# of GaAs, it takes about
32.58 Å ~with a 11.9% lattice mismatch!, and in another,
@011¯ # GaAs direction, it takes about 15.35 Å ~with a 23.9%
lattice mismatch! to match the unit cells. The observed 5.5%
strain buildup in thin films, measured from the film layer
spacing ~Fig. 2!, is unusually large, and cannot be explained
by the observed in-plane lattice mismatch values alone. This
is a clue that something unusual is taking place at the inter-face, which is causing this additional distortion in the size
and shape of the equilibrium unit cell. This can be caused by
a grossly distorted covalent bonding of atoms at the inter-
face.
It is unlikely that interatomic forces acting over 32.58-
and 15.35-Å distances can be responsible for this supercell
epitaxy. This is especially true during the initial stages of the
growth, when there are too few Gd and O atoms on the
surface even to complete a single unit cell. Since the epitax-
ial growth starts with nucleation at many different sites
across the substrate surface, the overall film growth will not
be coherent but will compose of single-crystalline regions
that have a shifted phase relationship with respect to each
other, forming so-called antiphase boundaries in between. As
the unit-cell matching length increases, the number of pos-
sible nucleation sites or density of antiphase boundaries is
expected to increase in proportion. In addition to this large
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Gd2O3 /GaAs~100! case there is a rotational degeneracy; the
~110! twofold planes of the film, in principal can satify the
same epitaxial relations in two different orientations on the
fourfold symmetric ~100! planes of the substrate. Remark-
ably, the system chooses only one orientation, and grows
with a high structural perfection.
In the case of molecular beam epitaxy growth of II-VI
compounds on GaAs, the interface chemistry can be success-
fully studied by the consideration of valence electrons of the
surface compounds. Typically, the excess of valence elec-
trons can lead to a distortion of the tetrahedral configuration
of the bonding at the interface, and can change the number of
bonds from four to three or two. In the tetrahedral bond
configuration, GaAs has four valence electrons per atom. In
the Ga2O3 sesquioxide, the Ga atom contributes three va-
lence electrons and the O atom contributes six electrons to a
Ga-O bond. This results in an extra electron, which makes
the tetrahedral configuration in Ga2O3 unstable. A tetrahedral
lattice, however, can still be formed if one third of Ga sites
are left vacant. With these vacancies included the valence
electron counting assigns (3321633)/654 electrons per
site on the average.9 The growth behavior of another triva-
lent sesquioxide like Gd2O3 is expected to be similar to that
of the Ga2O3 growth. The first few layers may have no dif-
ficulty in continuing the growth of the substrate tetrahedral
lattice, by leaving some Gd sites vacant. But since the equi-
librium a phase has a nontetrahedral coordination, a transi-
tion to this structure will introduce a partial disorder. This is
expected to be prevalent especially for very thin layers,
which agrees with our observations. The integrated intensi-
ties of Gd2O3 ~440! for the 18-Å film fall significantly short
of the 25-Å film as can be seen in Figs. 1 and 3. This can be
attributed to a film with a large volume fraction in a disor-
dered state. The presence of a disordered transition region
may also partially relieve some of the strain caused by the
mismatch.
One reasonable explanation for this preferred alignment
along only one of the two possible orientations during the
single-crystal epitaxial growth would be a chemistry-
enforced local ordering that imposes a deterministic growth
by strongly favoring certain binding sites. A close look at the
structure of the interface and the atomic decoration of the
unit cells in Fig. 6 reveals that, indeed there is such a short-
range order at the interface. Along the @011¯ # short supercell
direction, the substrate and Gd2O3 film consist of rows of
atoms with similar spacings. Our x-ray measurements deter-
mine the structure of the growing film, the substrate and their
relative orientations, but does not reveal the atomic positions
at the interface. In order to be able to construct the interface
structure and understand the importance of these rows, let us
examine some bond strengths. Among the Gibbs free energy
of formations for all possible pairs in Ga, As, Gd, and O,
Gd2O3 is the strongest, followed by Ga2O3, and the rest of all
possible binaries are negligible in comparison. The lattice
energy of Ga2O3 is 15 590 kJ/mol, the second largest lattice
energy known, surpassed only by Al2O3 lattice energy of
15 916 kJ/mol, while the lattice energy of Gd2O3 is 12 996
kJ/mol. Based on this information, the epitaxial growth
should preferentially start first with a layer of oxygen atoms
bonding to a Ga terminated surface. The oxygen atoms inthis layer occupy the same positions as the As atoms would,
as governed by the directional or the covalent nature of the
bonding in GaAs substrate. This immediately explains the
similarity of the rows of atoms between the two lattices.
Indeed, oxygen atoms in As sites at the interface are shared
by the two lattices, would enforce this local order, and facili-
tate the single-crystal growth. If the GaAs surface was ini-
tially As terminated, oxygen would directly replace and sub-
stitute As, liberating it from the interface, and this extra layer
of As would either dissolve in the growing film, segregate to
the surface, or would sublimate, depending on the growth
conditions. High mobility and volatility of As is a well-
known fact, as has been observed in Ga12xInxP growth on
GaAs.10
Once the positions of the As atoms at the interface are
assigned to that of the O atoms, the puzzle of single-crystal
growth is essentially solved. This will fix the positions of the
oxygen atoms in the Gd2O3 lattice growing on this template.
The ~110! plane of the bulk phase of the a-Gd2O3 has a
similar configuration for the oxygen atoms. So far, we have
explained the interface structure and the epitaxial growth but
have not explained why the system chooses only one orien-
tation out of two possible ones for the epitaxial growth. For
this, we have to look at the second layer of atoms and be-
yond. Here, Gd atoms form the same rows as the O atoms,
but now there are one quarter less Gd atoms compared to the
O atoms. As a result, oxygen atoms are rearranged along the
rows to accommodate these missing Gd atoms. This signifi-
cantly distorts the bonds and displace the O atoms from their
tetrahedral sites toward their equilibrium positions in the
bulk Gd2O3 structure. Since every O atom is bonded to two
Ga atoms at the interface, its displacement would involve
bond stretching and bond bending. The two degenerate
growth orientations, therefore, distinguish themselves as be-
ing either predominantly bond bending or bond stretching.
Since displacement of oxygen atoms along the rows shown
would involve primarily bond bending, this should be ener-
getically favored over the alternative degenerate orientation
that primarily favors stretched Ga-O bonds, as shown in Fig.
6.
The Gd2O3 epitaxial films on GaAs~100! are also interest-
ing for studying the dislocation formation. These films expe-
rience very different forces along the two in-plane directions.
Along the @011¯ # GaAs direction it is under a large tensile
strain ~23.9%!, while in the orthogonal direction it experi-
ences a compressive strain ~1.9%!. If strain relaxation takes
place through the creation of misfit dislocations, these dislo-
cations are expected to be uniaxial. In a likely senario,
uniaxial dislocations may form separately in both the sub-
strate and the films but substrate ones would be orthogonal to
film dislocations. These important and interesting issues may
find answers through further studies of this system by high-
resolution electron and high-resolution x-ray diffraction ex-
periments.
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